ABSTRACT: The effect of irradiation on a 90/10 ethylene vinyl acetate/waste tire dust (EVA/WTD) blend was studied in the presence of 4 phr trimethylolpropane triacrylate (TMPTA) or tripropyleneglycol diacrylate (TPGDA). The blend was irradiated using a 3.0-MeV electron beam machine at 0, 50, 100, 150, and 200 kGy irradiation doses. The properties studied include gel content, tensile properties, hardness, morphology, and dynamic mechanical properties. The result revealed that the increment in irradiation doses will increase the percentage of gel content. The gel content further increased with the introduction of TMPTA and TPGDA. This is attributed to the increase in crosslink density. Tensile properties of EVA/WTD blend increase with the introduction of irradiation except for elongation at break. The tensile-fractured surface of EVA/WTD blends showed ductile type of failure upon irradiation of *Author to whom correspondence should be addressed. E-mail: chuah@eng.upm.edu.my 
INTRODUCTION
T HE PRODUCTION OF tire is increasing every year due to the increasing sale of vehicle, where tire is an integral part of vehicle. The generation and disposal of tire waste have indeed presented a serious problem to the human community. The waste tires are non-degradable and could last for hundred of years. Although there are low-performance uses of granulated scrap tire rubber, and small amounts of tire powder are used in the production of new tires, the demand of scrap tire has been limited. Furthermore, waste tire dusts (WTDs) are usually relatively large in particle size, expensive, and do not compound well, making them less attractive to be produced commercially [1] .
However, waste tire rubber can be blended with thermoplastics to produce thermoplastic elastomers with a range of properties. These materials can be used in conventional thermoplastics processing equipment. The unique characteristics of thermoplastic elastomer make them an attractive alternative to conventional elastomers in a variety of markets such as the automotive industry. The potential to convert a conventional elastomer (thermoset) into thermoplastic elastomer through blending offers the potential for new market applications for WTD, such as playground mat and window seal. Several studies have been reported on blending recycle tire with various types of thermoplastics and thermoset, such as polypropylene [2] , high-density polyethylene, low-density polyethylene [3] , recycle polyethylene [4] , and natural rubber [5] . In their work, they found that recycle tires possess relatively low interaction with the matrix when they are used as filler without any additives. High-energy irradiation (gamma and electron beams) is an established technique for the modification of polymers. It causes molecular changes in polymer, hence, resulting chain crosslinking, chain scission, grafting, and curing. As the irradiation dose increases, chains in the polymer network will undergo further crosslinkage until high crosslinking density is produced. Chain crosslink may enhance the tensile strength, elongation, modulus, and hardness, while chain scission decreases these properties [4] . Ethylene vinyl acetate (EVA) has a good environmental stress-crack resistance, is halogen free, and have excellent thermoplastic properties, thus, making it suitable in formulation of thermoplastic elastomer [6] . The potential applications for ethylene vinyl acetate/waste tire dust (EVA/WTD) blend are playground mat and window seal. In this article, gel content, mechanical behavior, and thermal analysis of electron beam irradiated-EVA/WTD blend were investigated and reported.
EXPERIMENTAL Materials
EVA (Grade H2020), having 15% vinyl acetate content, with melt flow index value of 1.5 g/10 min and density of 0.93 g/cm 3 was purchased from The Polyolefin Company, Singapore. Waste rubber dust produced from recycle tires (40 mesh) was obtained from Sin Rubtech Consultancy Snd. Bhd. The crosslinking agents, trimethy-lolpropane triacrylate (TMPTA) and tripropyleneglycol diacrylate (TPGDA), were products of UCB Asia Pacific.
Formulations 90/10 EVA/WTD blends were prepared by mixing 90 parts of EVA with 10 parts of WTD. The blend without any crosslinking agent is taken as the control. The full recipes are given in Table 1 . This ratio of EVA/WTD was chosen based on preliminary testing on various ratios from 0% to 40% WTD [7] . All weights in grams are taken in parts per hundred of EVA.
Blend Preparation
The EVA/WTD with different blend ratios was prepared by melt mixing the EVA and WTD in a Haake Rheomix Polydrive R600/610 at temperature of 1408C and rotor speed at 50 rpm for various blending times. EVA was charged into the mixing chamber and allowed to melt for 2 min. The additives and WTD were then added, and the blending was continued for further 8 min. The samples were then compression molded at 1238C for 5 min. Then, the samples were cooled for 2 min to produce 1-mm thick sheets.
Irradiation
The molded sheets were irradiated using a 3-MeV electron beam accelerator NHV EPS-3000 at dose range 0-200 kGy. The acceleration energy, beam current, and dose rate were 2 MeV, 2 mA, and 50 kGy per pass, respectively.
Gel Content
The gel content of the crosslinked samples was determined by the extraction of samples in boiling xylene for 24 h using Soxhlet apparatus. The extraction samples were dried in an oven at 508C until constant weight was obtained. The gel fraction was calculated as:
where W 1 and W 0 are the weights of the dried samples after extraction and before extraction, respectively.
Tensile Properties
The tensile properties were measured with Instron Universal Testing Machine 4301 H119 at 50 mm/min crosshead speed. The molded samples of 1 mm thick were cut into dumbbell-shaped test pieces according to the ASTM D63M-98 using BS6746 cutter. Five samples were used for tensile test and average results were taken as the resultant value.
Hardness
Durometer hardness was used to measure the hardness of the samples. ASTM D2240 Shore Type D was used as standardized measurement system. The 6-mm thick molded samples were tested using Zwick 7206 Hardness Tester.
Morphology Study
Examination of tensile-fractured surface using a scanning electron microscope (SEM) model Zeiss SUPRA 35VP. All samples were examined after sputter coating with gold to avoid electrostatic charging and poor image resolution.
Dynamic Mechanical Analysis
Dynamic mechanical properties were measured with Perkin Elmer dynamic mechanical analyzer DMA 7e. The experiment was conducted in a three-point bending mode at a frequency of 1 Hz. The temperature was increased at 58C/min over the range À808C to 408C. The dimensions of the samples were approximately 1 mm thick, 10 mm length, and 10 mm width.
RESULTS AND DISCUSSION

Gel Content Analysis
In general, the yield of irradiation-induced crosslinking can be estimated from gel fraction determination. The variation of gel content with irradiation doses for 90/10 EVA/WTD blend and the blend containing TMPTA and TPGDA are shown in Figure 1 . As shown, the extent of gel formation increases with the increased radiation dose, indicating increases in crosslink density of the polymer. A similar increase in gel fraction on epoxidized natural rubber (ENR) and EVA blends was reported by Ratnam and Zahid [8] and Sujit et al. [9] . A sharp increase in gel fraction was observed as the irradiation dose was increased from 50 to 100 kGy. It can be observed that increase in irradiation doses will increase the percentage of gel fraction in all the blends. The enhancement in the gel fraction with the addition of TMPTA and TPGDA monomers indicates that those additives accelerate the radiation-induced crosslinking in the blend. However, TPGDA monomer affected crosslinking at relatively lower extent compared to TMPTA. It is because of TMPTA is a tri-functional monomer that renders higher degree of crosslinking as compared to the di-functional monomer, TPGDA.
Tensile Properties
Tensile strength is important for a material that is going to be stretched or under tension. It increased incrementally as the dose are higher. Figures 2-4 depict the effect of irradiation on the tensile properties of 90/10 EVA/WTD blends. Figure 2 shows that tensile strength of the control blend increased as irradiation dose increases. This is due to the enhancement of the crosslink density, as indicated by the gel content data. Without irradiation, the blends showed a decline in tensile strength value with the presence of TMPTA and TPGDA. This is due to the lubrication effect of the monomers. The same trend on the additive effect was also reported by Ratnam and Zaman [10] upon addition of TMPTA in PVC/ENR (PVC, polyvinyl chloride) blends. Upon irradiation up to 50 kGy, tensile strength value increased with the presence of TMPTA and TPGDA. The addition of TMPTA and TPGDA attributes to the enhancement of radiation-induced crosslinking. However, above 50 kGy, the blends containing TMPTA show reduction in tensile value. This may be associated with the crosslinking and degradation that continuously take place in the blend. The reduction in tensile value was due to the higher extent of crosslinking in the blend. Ratnam and Zaman [10] also reported similar observation on the electron beam-irradiated PVC/ENR blends. Blends containing TPGDA show optimum tensile strength value between 50 to 150 kGy. The decline in tensile strength value for blends containing TPGDA at higher irradiation doses is due to the same phenomenon that occurred in the blends with the presence of TMPTA. Beyond 50 kGy, blends containing TMPTA give lower tensile strength value compared to TPGDA. This is because blends with TMPTA have excessive crosslink density as it is a tri-functional monomer as compared to TPGDA, which is a di-functional monomer.
Elongation at break decreases for control, and blends containing TMPTA and TPGDA as irradiation dose increases, as shown in Figure 3 . Such reduction is expected since this property is found to decrease invariably upon irradiation regardless of whether chain scission or crosslinking is predominant. The acceleration in radiation-induced crosslinking increases with the functionality of the crosslinking agent. This crosslinked network restricts the mobility of the polymer chains and causes the reduction in elongation at break [10] . The relatively higher elongation at break value for blends containing TPGDA is in perfect agreement with previous explanation as TPGDA is a di-functional monomer, while TMPTA is a tri-functional monomer. This phenomenon is also observed in other irradiation crosslinked polymer systems reported by other workers [11] [12] [13] [14] . Figure 4 shows the effect of crosslinking agent on the modulus at 100% strain (M100) with increasing irradiation dose. Before the blends were irradiated, M100 decreased with the presence of crosslinking agent. This result further supported previous observation in which TMPTA and TPGDA provide lubrication effect to the blends. The addition of TMPTA had increased the M100 value. It indicates that the blends containing TMPTA at higher irradiation doses lead to stiffer and more brittle blends. Figure 5 shows the effect of crosslinking agents on hardness properties of 90/10 EVA/WTD blend at different irradiation doses. The hardness result exhibits a similar trend as M100. As irradiation dose increases, the hardness values for blends containing TMPTA also increase. It is the effect of high-energy irradiation that causes crosslinking. The blend containing TMPTA exhibits the highest hardness value, followed by TPGDA and control blends. This trend of results again attributed to the highest degree of irradiation-induced crosslinking achieved by the blend with the addition of TMPTA as compared to addition of TPGDA and its control. Thus, the hardness further confirmed the observation on the modulus. 
Hardness Properties
Scanning Electron Microscope
SEM has been used to observe the effect of electron beam irradiation on surface morphology before and after irradiating at 100 kGy for 90/10 EVA/WTD blend. Figure 6(a) shows the morphological diagram of EVA/WTD blend before it was irradiated. The presence of fibrils on the fractured surface indicates that it is a ductile-type failure [15] . The irradiated surface for 100 kGy of EVA/WTD blends ( Figure 6(b) ) shows continuous brittle cracks in the network formation. The formation of these cracks is attributed to the embrittlement of the material as a result of high extent of crosslinking [16] The corresponding irradiated sample surface shows brittle-type fracture which is evident from the absence of fibrils on the surface. Figure 7 (a) and (b) shows the SEM results for tensile fracture surface of 90/10 EVA/WTD blend, with the presence of TMPTA as crosslinking agent, at different irradiation doses. Figure 7(a) shows a rough surface with cavities and holes. This phenomenon could be associated with the detachment of WTD particles from the continuous EVA phase due to the presence of TMPTA. TMPTA acts as a lubricant that will reduce the surface interaction between EVA and WTD phase. In contrast with the irradiated blends (Figure 7(b) ), it shows elastic-type failure. The elastic nature that occurs during failure is due to the crosslinked state of the EVA and WTD phases with the presence of crosslinking agent that will accelerate the degree of crosslink and make the material stiffer. This indicates the improvement of hardness and modulus in blends containing TMPTA due to the increasing crosslink density.
The effect of irradiation for EVA/WTD blends with the addition of TPGDA as crosslinking agent is observed from Figure 8(a) and (b) . Figure 8 (a) shows a ductile type of failure but inconsistent fibril formation. This is due to the effect of crosslinking agent that reacts as lubricant, thus lowering the strength in the blend. Figure 8(b) shows the fibril formed from tensile fracture surface indicating that EVA/WTD blend with TPGDA at 100 kGy required higher energy to cause fracture compared to blend without irradiation.
Dynamic Mechanical Analysis
Generally, introduction of irradiation crosslink into a polymer will proportionally increase the intermolecular network, causing a rise in the glass transition temperature [17] . From Figure 9 , it was interpreted that the system without irradiation (0 kGy) shows two transitions (peaks) corresponding to the EVA and WTD phases. After being radiated at 100 and 200 kGy, WTD peak disappears. This shows that the crosslink blends are compatible. Table 2 shows that from non-radiated (0 kGy) to 100 kGy, T g for EVA increases as the irradiation dose increases. However, at higher irradiation dose (200 kGy), T g for EVA decreases. Usually, when polymers are irradiated, degradation and crosslinking proceed simultaneously. This decline indicates that degradation occurred in the gel formation. It led to the broadening of T g peak ( Figure 9 ). Zurina et al. [6] reported similar observation in their work on ENR-50/EVA blends. The shift for both EVA and WTD peaks shows that crosslink not only occurred in EVA phase, but also in WTD phase.
As noted from Table 2 and Figure 10 , with the introduction of crosslinking agents, the T g values for EVA as well as WTD shifted to lower temperatures. It is because of the effect of TMPTA and TPGDA that served as poly-functional monomer and provides a plasticizing effect to the polymer molecule structure. The effect of plasticizers will make it easier for the polymer to change its molecular conformation. So, it will lower the glass transition temperature and broadens the Tan peak.
Figures 11 and 12 illustrate T g peaks for WTD and EVA. Upon irradiation, T g peak for WTD disappears for blends that contained TMPTA and TPGDA. It shows that the compatibility between WTD and EVA phases increases when subjected to electron beam radiation. For all the blends, T g peak for EVA shifted to higher temperature with the presence of crosslinking agents. This phenomenon is attributed to the increase in crosslink density as observed in gel content result. Increase in irradiation dose will increase the irradiation-induced crosslinking which eventually restricted the mobility of the molecules. At 200 kGy for all the blends, T g is decreased. This decline indicates that the breakdown gels and formation of free ends which affected the T g at molecular levels [18] . 
CONCLUSION
Increase in irradiation doses increased the percentage of gel content in EVA/WTD blends. The gel content further increased with the introduction of TMPTA and TPGDA. Gel content data show that TMPTA exhibits the highest gel content percentage as it is the most effective crosslinking agent to accelerate irradiation-induced crosslinking. Mechanical properties of 90/10 EVA/WTD increase with the introduction of irradiation except for elongation at break. Irradiation enhances the crosslink density but increases the blend stiffness. The presence of crosslinking agents will further accelerate the irradiation-induced crosslinking which helps to achieve optimum tensile strength at lower irradiation dose. At higher irradiation dose, the reduction in tensile strength was observed due to high crosslink density with the presence of crosslinking agents. TPGDA has greatly improved the tensile strength of EVA/WTD blends, especially, with irradiation in the range 50-150 kGy. The tensile-fractured surface of EVA/WTD blends showed ductile type of failure upon irradiation of the blends in the presence of crosslinking agents. T g obtained from dynamic mechanical analysis (DMA) at 10% WTD loading after irradiation indicates that EVA/WTD blends are compatible. 
